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Tis paper presents a unique control system to regulate power exchanges and load bus voltage in a networked microgrid (NMG)
system comprising AC and DC microgrids. During the islanding of a microgrid in this NMG system, load voltage and power
balance can get disturbed. A control system and associated converter and inverter control methods are presented to rectify these
issues. An efcient model predictive control (MPC) method, which gives a tracking error of 50% lower than a conventional
proportional-integral (PI) controller, is used to control multiple inverters in the NMG system. Simulation studies are conducted to
test the NMG in islanding and load change scenarios. With the help of these studies, it is verifed that the MPC-controlled
inverters can provide better tracking accuracy in achieving desired power fows in the NMG system.

1. Introduction

Tere has been growing interest in studying the power fows
among a network of interconnected microgrids [1, 2]. Tese
interconnected microgrids can be called networked
microgrid (NMG) or multi-microgrid (MMG) systems.
Real-world applications of networked microgrids are given
in detail in [3]. Several research works have been carried out
on laboratory-based small-scale multi-microgrid systems,
such as in [4, 5]. An interconnected microgrid system is
developed in [4], where two AC microgrids are inter-
connected through a separate switch. Tis NMG system in
[4] can operate separately as individual microgrids when the
switch is opened and as a single microgrid if the switch is
closed. In [5], another NMG test system, consisting of three
AC microgrids connected to a common central AC bus, is
presented. In this NMG system, microgrids can operate in
independent and interconnected modes. Other types of
microgrid clusters such as interlinked ACmicrogrid clusters
[6], DCmicrogrid clusters [7], and hybrid AC/DCmicrogrid
clusters [8–11] are also proposed. From the control per-
spective, most of these papers emphasize the control
methodologies of the interconnecting converters installed

between these microgrids rather than the operatingmodes of
these interconnected microgrids and the power exchange
between these microgrids. Moreover, in all these papers, the
networked microgrid or multi-microgrid system contains
closely spaced microgrids or microgrids connected to ad-
jacent feeders, forming single area power systems. As a re-
sult, adequate research essentially needs to be undertaken on
networked multi-area microgrids containing AC and DC
microgrids, which are separated by large distances and
interlinked by longer tie lines.

Several challenges exist in operating interconnected or
intertied microgrids, such as power quality issues, power
fow control, and islanded conditions. In an NMG system,
a given microgrid can operate in diferent modes, such as
grid-connected, islanded, and interconnected modes. In
grid-connected mode, a given microgrid in an NMG system
is connected to the grid, whereas other microgrids in the
NMG systemmay or may not be grid-connected or islanded.
In islanded mode, a given microgrid in an NMG system is
disconnected from the grid, but other microgrids in the
NMG systemmay or may not be islanded or grid-connected.
In interconnected mode, a given microgrid in an NMG
system is connected to another microgrid but other
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microgrids may be interconnected, grid-connected, or
islanded. Terefore, many operation modes and scenarios
can exist for a given microgrid in an NMG system. Given
these numerous operational challenges, an efcient control
and coordination strategy is necessary for a networked or
multi-microgrid system to provide the desired load voltage
and power under several operation modes and scenarios.

Te existing literature presents various control strategies
to control the converter-interfaced distributed generations
(DGs) in microgrids and networked microgrids [12]. Various
conventional voltage and current control methods, such as
droop control, are available to control the converters in
microgrid systems [13, 14]. But in case of droop control,
power sharing is afected by variations in tie-line impedances
in NMG systems [15, 16]. Te solution to this problem is to
propose a generalized control architecture comprising a dis-
tinctive local converter control technique called model pre-
dictive control (MPC), a popular control technique for
converters. MPC’s primary idea is to use a system model to
predict the future behaviour of the controlled variables [17].
Compared with conventional control techniques such as
droop and proportional-integral (PI) controls, the signifcant
benefts of the proposed MPC are that it does not require the
need of modulators, coordinate transformations, and voltage
and current loops [17]. Tere are two MPC methods: fnite
control setMPC and continuous set MPC.Te continuous set
MPC needs an additional modulator to generate the
switching signals. So, a fnite control set MPC is preferred to
control converters in the proposed NMG system. In [17],
a fnite control set MPC scheme, which controls diferent
converters, is presented. In [18], MPC is used to control
parallel-connected inverters. Unlike the previously usedMPC
methods, the proposed MPC algorithm is independent of the
line and load impedances of the given NMG system, thereby
ensuring a small steady-state error and faster dynamic re-
sponse under diferent operating scenarios.

Several MPC-based control architectures for microgrid
systems are proposed in [19–21]. In comparison with these
works, the novelty of the proposed paper is that a unique control
architecture is developed for a ring-shaped NMG system. Tis
architecture comprises MPC-based primary controllers and
a centralized tertiary controller, thereby eliminating the need for
a secondary controller. Tus, the control architecture of the
NMG system gets simplifed, the cost of implementing such an
architecture gets reduced, and the scalability of such an ar-
chitecture will be improved, especially when there are several
interconnected microgrids in the NMG system.

Te essential features to be highlighted in this paper are
as follows: (1) a distinct architecture has been proposed for
a networked ring-shaped microgrid system consisting of AC
and DC microgrids, (2) an advanced MPC method is used
for controlling multiple converters in the networked
microgrid system, and (3) problems such as power imbal-
ance and DC voltage variation are solved during various
operating conditions of a DC microgrid such as islanding
and load changes in the given networked microgrid system.

Te contents presented in this paper are available in
Chapter 4 in the doctoral thesis written and published by the
frst author [22].

2. Description of the NMG System

A ring-shaped architecture is proposed for an NMG system,
shown in Figure 1. Tis system consists of three microgrids,
each separated by about 10 km. Microgrid 2 is a DC
microgrid. Microgrids 1 and 3 are AC microgrids. AC
microgrids are interconnected through line 3. Te DC
microgrid is connected to the AC microgrids through
interconnecting inverters 1 and 2 and lines 1 and 2. Every
microgrid is interconnected to its corresponding distribu-
tion grid through a 0.4/22 kV distribution transformer.
VL1∠δ1, VL2, and VL3∠δ3 are the voltages at the load buses in
the given microgrids. Te output voltages of the inter-
connecting inverters are denoted by Vn1∠δn1 and Vn2∠δn2.
Vi∠δi (i� 1, 2, and 3) is the voltage at the end of each line. Rti

(i� 1, 2, and 3) and Lti (i� 1, 2, and 3) are the resistance and
inductance of the lines. Te real and reactive power fows at
the sending ends of the lines are denoted by Psi (i� 1, 2, and
3) and Qsi (i� 1, 2, and 3).Te real and reactive powers at the
receiving ends of the lines are denoted by Pri (i� 1, 2, and 3)
and Qri (i� 1, 2, and 3).

Figure 2 shows the system confguration of an AC
microgrid used in the proposed NMG system. Te AC
microgrid consists of a DG unit, a storage battery unit, and
an AC load. Diferent interfacing inverters are used to
connect the DG and storage battery units to the AC load bus.
Pdi (i� 1, 2, and 3) and Qdi (i� 1, 2, and 3) are the real and
reactive power outputs of DG inverters. Pbi (i� 1, 2, and 3)
andQbi (i� 1, 2, and 3) are real and reactive power outputs of
battery inverters.

Te schematic block diagram of the DC microgrid used
in the proposed NMG system is shown in Figure 3. Te DC
microgrid consists of a DG unit, a storage battery unit, and
a supercapacitor unit. Te DG, storage battery, and super-
capacitor units are connected to the DC load bus
through their DC/DC buck converters 2a, 2b, and 2c.
Pd2, Pb2, andPs2 are the real power outputs of converters 2a,
2b, and 2c, respectively. Tere are generally two modes of
operation of the converters and inverters in the proposed
NMG system. One mode is called current control mode
(CCM), where the output current of the inverter or con-
verter is controlled at the desired value. Te other mode is
the voltage control mode (VCM), where the output voltage
of the inverter or converter is regulated at the required value.

Tere are two modes of operation of the NMG system:
(1) grid-connected mode in which all microgrids are con-
nected to their respective distribution grids; and (2) islanded
mode in which 1 microgrid or more than one microgrid gets
disconnected from their corresponding distribution grid.

When an AC microgrid is grid-connected, the grid
controls the load bus voltage, and all inverters within the AC
microgrid operate in CCM. During the islanding of AC
microgrid, the battery inverter in the ACmicrogrid goes into
VCM mode and the other inverter continues to operate in
CCM mode.

During the grid-connected mode of the DC microgrid,
the AC/DC converter connected to distribution grid 2
controls the DC load bus voltage and all the diferent
converters within the DC microgrid operate in CCM. When
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the DC microgrid is islanded, the battery converter in the
DC microgrid goes into VCM mode, and the other con-
verters continue in CCM mode.

Te concept of power exchange between the microgrids
in this NMG system is fundamentally related to the control

of real and reactive power fows based on the power fow
equations [23]. If line voltages V1 � V2 � V3 � V, consid-
ering both the resistances and reactances of the lines, real
and reactive powers at the sending and receiving ends of the
interconnecting lines are given below:

Psi �
V

2

Zti

􏼠 􏼡 cos θti −
V

2

Zti

􏼠 􏼡 cos θti + δi,i+1􏼐 􏼑 for i � 1, 2 �
V

2

Zti

􏼠 􏼡 cos θti −
V

2

Zti

􏼠 􏼡 cos θti + δi,1􏼐 􏼑 for i � 3, (1)

Pri �
V2

Zti
􏼠 􏼡 cos θti − δi,i+1􏼐 􏼑 −

V2

Zti
􏼠 􏼡 cos θti for i � 1, 2 �

V2

Zti
􏼠 􏼡 cos θti − δi,1􏼐 􏼑 −

V2

Zti
􏼠 􏼡 cos θti for i � 3, (2)

Qsi �
V2

Zti
􏼠 􏼡 sin θti −

V2

Zti
􏼠 􏼡 sin θti + δi,i+1􏼐 􏼑 for i � 1, 2 �

V2

Zti
􏼠 􏼡 sin θti −

V2

Zti
􏼠 􏼡 sin θti + δi,1􏼐 􏼑 for i � 3,

Qri �
V2

Zti
􏼠 􏼡 sin θti − δi,i+1􏼐 􏼑 −

V2

Zti
􏼠 􏼡 sin θti for i � 1, 2 �

V2

Zti
􏼠 􏼡 sin θti − δi,1􏼐 􏼑 −

V2

Zti
􏼠 􏼡 sin θti for i � 3,

(3)
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Figure 1: Proposed ring-shaped architecture of a NMG system.
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Figure 3: Schematic block diagram of DC microgrid 2.
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where δi,i+1 � δi − δi+1 (for i� 1, 2)� phase angle diference
between voltages Vi and Vi+1; δi,1 � δi − δ1 (for i� 3)� phase
angle diference between voltages Vi and V1; δi � phase angle
of voltage Vi for i� 1, 2, and 3; and Zti∠Wti � impedance of
line i.

Both resistances and reactances of the lines are con-
sidered in these equations because NMG is a medium-
voltage level distribution system. Generally, in a power or
NMG system, the voltage magnitude at the load bus is
maintained at nominal values to keep the loads in proper
operation [23]. Terefore, to control the real power ex-
changes in the NMG system, the phase angles of the AC load
bus voltages or output AC voltages of the interconnecting
inverters need to be varied. Tus, an efective control
method, as explained in the following section, needs to be
developed to achieve that phase angle variation.

3. Control Method of Converters in the
NMG System

MPC has been gaining wide interest in the control of various
types of converters in recent years. Also, due to the ad-
vancement and development of fast microprocessors and the
discrete nature of converters, MPC is gaining popularity in
converter control in several microgrid applications [17]. Te
basic principle of MPC lies in using a system model and
a suitable cost function to predict the behaviour of con-
trolled variables in the given system [17]. It has several
advantages such as its applicability to both single-input
single-output (SISO) and multi-input multi-output
(MIMO) systems [17] and easy inclusion of constraints.
Moreover, unlike other conventional control methods, such
as proportional-integral (PI) and hysteresis control, MPC
does not need modulators, cascade control loops, and co-
ordinate transformations [17].

In this paper, an advanced MPC method is developed to
control two main types of converters, namely, DC/DC and
DC/AC converters, in the given NMG system.Te beneft of
using this advanced MPC method is that it can be applied to
multiple converters without any modifcations. To control
an AC/DC converter in the same NMG system,
proportional-integral (PI) and hysteresis controllers but not
MPC is used because MPC becomes computationally in-
tensive if applied to all converters. Each converter control
technique is discussed in detail as follows.

3.1. AC/DC Converter Model and Control. In Figure 4, the
power circuit of an AC/DC converter consisting of 6 transistor
switches is shown. Tis converter is used to convert the AC
voltage of distribution grid 2 into DC output voltage, to be fed
to DC microgrid. Te three-phase supply voltages of distri-
bution grid 2 at the input side of the AC/DC converter are
ega, egb, and egc. Te three-phase currents supplied by distri-
bution grid 2 are iga, igb, and igc.Te proposed control method
for the AC/DC converter is shown in Figure 5. Tis control
method regulates the DC output voltage Vdc1 of AC/DC
converter and compensates for any variation Vdc1 due to any
power imbalance in DC microgrid 2.

Te power imbalance will induce a voltage error
(V∗dc1 − Vdc1), which is then fed into a PI controller to
generate a current reference i∗d and thereby to track id. To
eliminate the presence of high-frequency switching ripples at
the distribution grid side, Vdc1 is frst passed through a frst-
order low-pass flter (LPF). id is the real component of the
grid current and iq is the reactive component of the grid
current. Te current iq is maintained at 0 A, so distribution
grid 2 delivers only real and no reactive power. Te
current errors Δid and Δiq are then converted from dq
reference frame into abc reference frame and fed into
a hysteresis controller and a pulse width modulator (PWM)
to generate the required control signals. Te measured grid
currents of each phase need to be compared with the cor-
responding references using the hysteresis controller. Tis is
the reason why we need to use dq to abc conversion as shown
in Figure 5. Tus, as shown in Figure 5, by efciently
controlling the AC input current or power inputs of the
AC/DC converter, the output DC voltage of this converter
can be maintained at the rated nominal value.

3.2. DC/DC Converter Model and Control. Figure 6 shows
the single-phase DC/DC buck converter model used in the
DC microgrid in the NMG system. A buck converter steps
down or decreases the DC input voltage, and the input DC
voltage and diode voltage of the DC/DC buck converters are
represented by vin and vi, respectively. MPC is used to
control the DC/DC converter. So, a converter model needs
to be developed.

When Kirchhof’s voltage and current laws are applied to
the converter model, the following equations are obtained:

Lm

dil

dt
􏼠 􏼡 � vi − vm, (4)

Cm

dvm

dt
􏼠 􏼡 � il − im, (5)

where il is the current which fows through inductor Lm, im is
the output current, and vm is the output voltage across
capacitor Cm. Due to high sampling frequency, the following
assumption can be made:

dim

dt
� 0. (6)

Te relationship between vin and vi can be expressed as

vi � Svin

� u1,
(7)

where u1 is the control input and S is the state of the switch
which can be defned as follows:

S �
1, switch isON,

0, switch isOFF.
􏼨 (8)

On substituting (7) into (4) and on further simplifcation
of (4)–(6), the discrete state-space model of the DC/DC
converter system is derived as follows:
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x1(k + 1) � Adx1(k) + Bdu1(k),

y1(k) � Cdx1(k),
(9)

where x1(k) � il(k) vm(k) im(k)􏼂 􏼃
T is the state vector,

u1(k) is the control input vector, y1(k) is the output vector,
Ts is sampling time, and Ad, Bd, and Cd are discretized
coefcients as follows:

Ad �

1
−Ts

Lm

0

Ts

Cm

1
−Ts

Cm

,

0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

Bd �
Ts

Lm

0 0􏼢 􏼣

T

,

Cd �
0 0 1􏼂 􏼃 in CCM,

0 1 0􏼂 􏼃 in VCM.

⎧⎨

⎩

(10)

From the discrete state-space model, the augmented
state-space model of the converter is obtained as follows:

Xe(k + 1) � AeXe(k) + BeUe(k), (11)

Ye(k) � CeXe(k), (12)
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Figure 5: Control method for AC/DC converter.
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where Xe(k) � ∆il(k) ∆vm(k) ∆im(k) im(k)􏼂 􏼃
T is the

state vector, Ue (k) � Δu1 (k) is the control input vector, and
Ye(k) is the output vector, which is either converter output
current or voltage.

Ae �

1
−Ts

Lm

0 0

Ts

Cm

1 −
Ts

Cm

0

0 0 1 0

0 0 1 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

Ce �

0

0

0

1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

T

,

Be �

Ts

Lm

0

0

0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(13)

Tus, depending upon the value of the output vector, we
can control the output voltage or current of a DC/DC
converter using MPC. Te methods of deriving the discrete
state-space model from the continuous state-space model
and the augmented state-space model from the discrete-state
space model are given in [24].

3.3. DC/AC Converter (Inverter) Model and Control.
Figure 7 shows the generalized model of DG, battery, and
interconnecting inverters used in the AC microgrid in the
NMG system.

Te discrete state-space model of the inverter is frst
derived and then converted into an augmented state-space
model, as done with the converter in the previous section.
Using Kirchhof’s voltage and current laws, the following
equations are obtained from Figure 7.

u2Vdc2 � idR + Lf

did

dt
􏼠 􏼡 + v0, (14)

id � Cf

dv0
dt

􏼠 􏼡 + i0, (15)

where the internal loss of the inverter is R, inductance and
capacitance of the LC flter are Lf and Cf, respectively, the
current fow through Lf is id, the output current is i0, control
input is u2, the input voltage isVdc2, and the output voltage is
v0. Because of the high sampling frequency, the following
assumption is made:

di0

dt
􏼠 􏼡 � 0. (16)

From (14) and (15), the discrete state-space model for
MPC is obtained as follows:

x2(k + 1) � Agx2(k) + Bgu2(k),

y2(k) � Cgx2(k),
(17)

where x2(k) � id(k) v0(k) i0(k)􏼂 􏼃
T is the state vector,

u2(k) is the control input vector, y2(k) is the output vector,
Ts is the sampling time, and Ag, Bg, and Cg are discretized
coefcients as follows:

Ag �

1 −
RTs

Lf

−Ts

Lf

0

Ts

Cf

1
−Ts

Cf

0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

Bg �
Vdc2Ts

Lf

0 0􏼢 􏼣

T

,

Cg �

0 0 1􏼂 􏼃 in CCM,

0 1 0􏼂 􏼃 in VCM.

⎧⎪⎨

⎪⎩

(18)

Using the discrete state-space model, the augmented
state-space model of the inverter is obtained as follows:

Xh(k + 1) � AhXh(k) + BhUh(k), (19)

Yh(k) � ChXh(k), (20)

where Xh (k) is the state vector.

Xh(k) � ∆id(k) ∆v0(k) ∆i0(k) i0(k)􏼂 􏼃
T
, (21)

u2Vdc2

R Lf

Cf
v0

id i0

DiscretizationMPC

Vdc2

u2
i0 (k)

v0 (k)

Inverter 
Output Voltage

Figure 7: Single-phase inverter model.

6 International Transactions on Electrical Energy Systems



where Uh(k) �Δu2(k) is the control input vector and Yh (k)

is the output vector, which is either the inverter output
current or voltage.

Ah �

1 −
RTs

Lf

􏼠 􏼡
−Ts

Lf

0 0

Ts

Cf

1 −
Ts

Cf

0

0 0 1 0

0 0 1 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, Ch � 0 0 0 1􏼂 􏼃,

Bh �
Vdc2Ts

Lf

0 0 0􏼢 􏼣

T

.

(22)

To control the augmented state-space models of the
converter and inverter in (11) and (19), respectively, qua-
dratic programming is used to minimize the following
objective function [24]:

J � Rs − Y( 􏼁
T

Rs − Y( 􏼁, (23)

subject to the input and input increment constraints as
follows:

1≤ u1(k)≤ −1; −1≤∆u1(k)≤ 1;

−1≤ u2(k)≤ 1; −1≤Δu2(k)≤ 1,
(24)

where Rs is the set-point matrix and Y is the output matrix of
the augmented model, which is either Ye in (12) or Yh

in (20).
Terefore, based on the value of the output matrix, we

can control an inverter’s output voltage or current
using MPC.

4. Control Architecture of the NMG System

As shown in Figure 8, control architecture is proposed for
the NMG system. It follows a hierarchy of control levels,
containing a centralized controller for the entire NMG
system and individual local controllers (LCs) for each of the
diferent converters and inverters in the NMG system. Te
main objective of the centralized controller is to obtain
system information on the NMG system such as load bus
voltages, load demands, and operation modes of the
microgrids. Based on this information, the centralized
controller carries out diferent functions: (1) it sends ref-
erence real and reactive power output signals, Pdi(ref), Qdi(ref)
(i� 1, 3) and Pbi(ref), Qbi(ref) (i� 1, 3), to the LCs of the DG
and battery inverters during grid-connected modes of AC
microgrids; (2) it sends reference load bus voltage signals
VLi(ref)∠δi(ref) (i� 1, 3) to LCs of the battery inverters during
islanded modes of AC microgrids; (3) it sends reference real
power output signals Pd2(ref), Pb2(ref), andPs2(ref) to LCs of
respective converters during grid-connectedmode of the DC
microgrid; (4) it sends reference load bus voltage signal VL2

to LC of the battery converter during islanded mode of the
DC microgrid; and (5) it sends reference voltage signals
Vn1(ref)∠δn1(ref) andVn2(ref)∠δn2(ref) to LCs of interconnect-
ing inverters during both grid-connected and islanded
modes of the DC microgrid. As explained in the previous
section, the diferent LCs use the advanced MPC method to
generate and send the optimal switching signals to the
corresponding inverters and converters. Moreover, a high-
speed reliable communication network is essential for the
efcient operation of the NMG system, to maintain efective
coordination among the centralized and local
controllers [25].

AC and DC microgrids can operate either in grid-
connected or islanded modes. When an AC microgrid is
grid-connected, the DG inverter in the microgrid is made to
provide a prespecifed amount of real and reactive power to
the load and the battery inverter acts as the back-up inverter.
In the instance of islanding of an AC microgrid, the cen-
tralized controller, on detecting a frequency drop in the
system, sends the required voltage reference signal to the LC
of the battery inverter in the islanded AC microgrid.

When DC microgrid is grid-connected, the DG con-
verter in the microgrid is controlled to deliver a prespecifed
amount of real power to the load and converters of battery
and supercapacitor units serve as back-up converters. In case
of the DC microgrid islanding, a voltage drop occurs in the
DC microgrid. When the centralized controller detects this
voltage drop, it sends the required voltage reference signal to
the LC of the battery converter. It sends the voltage reference
signal also to the supercapacitor converter’s LC to regulate
the DC load bus voltage, until the battery in DC microgrid
ramps up its power output. During the islanding of the DC
microgrid, phase angles of the output voltages of the
interconnecting inverters are calculated based on the desired
real power to be obtained at the receiving ends of lines
adjacent to the interconnecting inverters. Tis phase angle is
determined from (2) as follows:

δn1(ref) � δn2(ref) � δi,i+1(ref)

� θti − cos− 1 Pri(ref)Zti

V
2 + cos θti􏼢 􏼣, for i � 1, 2,

(25)

where δi,i+1(ref) is the reference phase angle diference be-
tween Vi andVi+1, δn1(ref) and δn2(ref) are the reference phase
angles of output voltages of the interconnecting inverters,
and Pri(ref) is the reference real power to bemaintained at the
receiving end of line i. Ten, in line i, the corresponding
sending end real power fow and sending and receiving end
reactive power fows are obtained by substituting the above
calculated value of the reference phase angle into (1), (3), and
(4). Te centralized controller, while monitoring the load
bus voltage in the DC microgrid, triggers undervoltage load
shedding whenever the DC load bus voltage deviation
crosses the tolerance limit of +5% of the nominal value of
380V. 380V is the standard DC nominal voltage currently
adopted by EMERGE Alliance for use in data centers, tel-
ecom systems, etc. [26]. Te allowable tolerance limit for the
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DC bus voltage is ±5% of 380V [26]. In the proposed NMG
system, an under voltage load shedding (UVLS) scheme,
similar to that given in [27], is developed here for the
islanded DC microgrid: (1) when the DC load bus voltage
drops to 95% of the nominal value, 15% load is shed in the
DC microgrid; (2) when the DC load bus voltage drops to
93% of the nominal value, 10% additional load is shed in the
DC microgrid; and (3) when the DC load bus voltage drops
below 90% of the nominal value, 5% additional load is shed
in the DC microgrid. If the DC load bus voltage does not
recover after adopting UVLS, then interconnecting lines in
the NMG are disconnected and noncritical loads in the DC
microgrid are shed.

5. Simulation Studies

Te three diferent microgrids in the proposed NMG sys-
tems are capable of grid-connected and islanded modes. To
demonstrate the capability and performance of the NMG
system, three test cases are simulated using MATLAB/
Simulink. In the frst test case, DC microgrid 2 is islanded or
disconnected from distribution grid 2 to verify whether the
DC load bus voltage can be properly regulated or not.
Mutual power sharing is an important advantage of using an
NMG system. So, in the second test case, under the power
defcit condition in DC microgrid 2, the exchange of power
between the islanded DC microgrid and adjacent grid-
connected AC microgrids is simulated. Finally, in the
third test case, during a worst-case scenario, under voltage
load shedding is implemented in the islanded DCmicrogrid.
Te diferent parameters of the NMG system are shown in
Table 1.

5.1. Test Case 1: Islanding of DC Microgrid. Initially, the
NMG system operates in grid-connected mode, where all
microgrids are grid-connected and interconnected. In the
grid-connectedmode of eachmicrogrid, the DG unit and the
distribution grid in that microgrid meet the load’s real and
reactive power demand. Each distribution grid regulates the
voltage of its respective microgrid in this mode. Also, power
fows in the interconnecting lines are maintained at 0MW
and 0 MVAr and each distribution grid is made to supply
1MW to the load in the respective microgrid. According to
the explanation in Section 4, the NMG controller sends the

desired reference signals for real and reactive powers to the
LCs of the DG inverters and converters during grid-
connected and islanded conditions. Te DG inverter in
each AC microgrid supplies 1MW and 1 MVAr to the
respective load. During the AC microgrid’s grid-connected-
mode, the AC microgrid’s battery inverter acts as a back-up
and does not supply real and reactive powers. In grid-
connected mode of the DC microgrid, the DG converter
supplies 1MW to the load, whereas converters of battery and
supercapacitor units do not supply any real power initially.
So, in this way, during the steady-state grid-connected
operation, load demand is satisfed in each microgrid in
the NMG system. For 0≤ t< 1 s, DCmicrogrid 2 is simulated
in grid-connected mode, and the system’s corresponding
real and reactive power fows are shown in Figure 9.

For study purpose, the islanding of the DC microgrid is
simulated. Te real and reactive power fows during the
islanded operation are shown in Figure 10. At t� 1 s, a three-
phase balanced fault occurs at point “G” (shown in Figure 1)
near distribution grid 2. Tis fault causes distribution grid 2
voltage to sag severely from 230V (rms) to 11.5V (rms) for
1≤ t< 1.2 s as shown in Figure 11. Consequently, the in-
terfacing AC/DC converter connected to distribution grid 2
cannot control DC load 2 bus voltage and the power sup-
plied by distribution grid 2 reduces to almost 0W. A power
shortage in a DC microgrid causes DC load bus voltage to
drop [28]. Tus, at the instant of fault, DC load 2 bus voltage
drops from its nominal value of 380V to 373V at t� 1 s as
shown in Figure 12. But the supercapacitor converter 2c
operating in CCM is tasked by its local controller and the
NMG controller to quickly supply a power output of 1MW
for a very short duration of 0.2 s for 1≤ t≤ 1.2 s as shown in
Figure 13 until the battery converter 2b operating in VCM
ramps up its power output from 0MW to 1MW for
1≤ t≤ 1.2 s as observed in Figure 14. Terefore, as shown in
Figure 12, DC load 2 bus voltage gets restored temporarily to
its nominal value of 380V for t> 1.05 s. But at t� 1.2 s, the
circuit breaker in the line interconnecting AC/DC converter
and distribution grid 2 is opened to clear the fault. As
a result, DC load 2 bus voltage further drops to 370V at
t� 1.2 s. After opening the circuit breaker, DC microgrid 2
gets islanded from distribution grid 2. As battery converter
2b delivers a steady-state power of 1MW for t≥ 1.2 s on-
wards, DC load 2 bus voltage is quickly restored to 380V for
t> 1.25 s as observed in Figure 12. All the real and reactive
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Figure 8: Control architecture for the NMG system.
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Table 1: Parameters of the NMG system.

Parameter Value
Inverter input voltage Vdc2 � 800V
Loss resistance of inverter R� 1 μΩ
LC flter of inverter Lf � 1 μH, Cf � 0.02 F
DC/DC converter input voltage Vin � 600V
DC/DC converter inductor Lm � 50 μH
DC/DC converter capacitor Cm � 600 μF
Supply voltage of distribution grid Vg � 22000/√3Vrms (phase)
Line resistance and inductance Rti � 1.6Ω, Lti � 6mH (i� 1, 2, 3)
Leakage inductance of line transformers LT � 21 μH
Details of diferent component ratings
(a) DG units 1, 2, and 3 1MW (max)
(b) Storage battery units 1, 2, and 3 1.1MW (max), 1.1 MWh (max)
(c) Supercapacitor unit 2 2MW (max), 1.1 kWh (max)
(d) Transformers 1.5MVA, 22/0.4 kV
(e) AC loads 1 and 3 2MW, 1MVAr
(f) DC load 2 2MW
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Figure 9: Real and reactive power fows and outputs in the NMG system during grid-connected operation.
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0.95 1 1.05 1.1 1.15 1.2 1.25
Time (s)

400

200

0

-200

-400

Vo
lta

ge
 (V

)

Figure 11: AC voltage at point “G” on the distribution grid 2 side.

International Transactions on Electrical Energy Systems 9



power fows in the NMG system during islanding of DC
microgrid 2 are shown in Figure 10. From Figures 13 and 14,
it can be observed that local MPC controllers for the con-
verters are quickly able to track the reference power signals.

In conclusion, in this test case, the coordinated control of
the supercapacitor and battery converters in the NMG system
is achieved with the proposed control system’s help and the
desired DC load bus voltage and power fows are attained.

5.2. Test Case 2: Power Exchange between DC and AC
Microgrids. Te beneft of mutual power sharing among the
microgrids in the second test case is highlighted. At t� 3 s, an
increase of DC load from 2MW to 4MW is simulated in
islanded DC microgrid 2, which can be inferred by com-
paring Figures 10 and 15. Te DG and battery units in DC
microgrid 2 are already operating at their maximum powers.
Te supercapacitor unit in DC microgrid 2 can give a real
power output of 2MW but for only a very short duration.
Tus, DCmicrogrid 2 will not be able to meet the increase in
its local load demand, and as a result, DC load 2 bus voltage
will dip. To restore the real power balance and mitigate this
voltage dip, DC microgrid 2 takes 1MW each from
microgrids 1 and 3 following the contract agreement among
the microgrids, as shown in Figure 15. Te proposed control
system facilitates this power exchange explained in Section 4.

To transfer the required power from microgrids 1 and 3
to microgrid 2, the reference phase angles of the output
voltages of the interconnecting inverters 1 and 2 need to be
maintained equal to the value calculated from (25). Te
centralized controller then sends this voltage reference
230∠−0.5° V to the LCs of the interconnecting inverters. As
observed in Figure 16, to avoid any voltage instability, the
magnitude of the output voltage of the interconnecting
inverters is always maintained at 230V (rms phase-to-
neutral). To facilitate the power transfer, the phase angles of
the output voltages of the interconnecting inverters are thus
maintained at −0.5° for t> 3 s as shown in Figure 17. As soon
as the phase angles of these output voltages are changed from
0° to −0.5°, the real and reactive power fows through lines 1
and 2 are increased according to (1)–(4).Terefore, in lines 1
and 2, the desired sending and receiving end real powers
equal to 1.01MW and 1MW, respectively, are obtained as
shown in Figure 18. Ten, as per (3) and (4) and as shown in
Figure 19, the corresponding reactive powers thus obtained
in both the lines at the sending and receiving ends are equal
to 0.84 MVAr and 0.85 MVAr, respectively.

To meet the load demand in islanded DC microgrid 2,
supercapacitor converter 2c and battery inverters 1 and 3 are
tasked by the centralized controller and corresponding local
controllers to supply the required real powers. As battery
inverters 1 and 3 need approximately 0.2 s to ramp up their
power outputs, supercapacitor converter 2c operating in
CCM supplies real power output of 2MW for 0.2 s from
t� 3 s to t� 3.2 s as observed in Figure 20. To achieve the
required real power fow in lines 1 and 2, the real power
outputs of battery inverters 1 and 3 are controlled to increase
from 0MW to 1.01MW for t> 3 s as shown in Figure 21. For
t> 3 s, the real power output of battery converter 2b is
maintained here same as before in test case 1, at 1MW itself.
Te interconnecting inverters are made to supply the re-
quired receiving end reactive powers in lines 1 and 2. In
order to achieve reactive power balance in AC microgrids 1
and 3, the reactive power outputs of DG inverters 1 and 3 are
here reduced by the proposed control system from their
previous values of 1 MVAr to 0.16 MVAr presently, as
shown in Figure 15. Also, as shown in Figure 15, the
magnitude and direction of all the real and reactive power
fows and exchanges in the NMG system are represented for
this test case. Moreover, as observed in test cases 1 and 2,
MPC controllers for all the converters and inverters need
only a period of about 10 cycles to quickly track and settle to
the real power reference signals.

During load variation in islanded DC microgrid 2, the
resulting power imbalance in DC microgrid 2 causes DC
load 2 bus voltage to drop from the nominal value of 380V
to 363V at t� 3 s as observed in Figure 22. On detection of
this voltage drop by the centralized controller, the super-
capacitor converter, battery inverters, and converter are
tasked to supply the required real power at t� 3 s, as pre-
viously mentioned, to satisfy the load demand in DC
microgrid 2 and to restore DC load 2 bus voltage. Tus, for
t> 3.08 s, DC load 2 bus voltage is restored to its nominal
value of 380V, and voltage stability can thus be ensured in
the islanded DC microgrid in the proposed NMG system.
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Figure 13: Real power output of supercapacitor converter 2c.
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Figure 14: Real power output of battery converter 2b.
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Figure 12: DC load 2 bus voltage.
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5.3. Test Case 3: Under Voltage Load Shedding (UVLS) in
Islanded DC Microgrid. Tis test case shows the imple-
mentation of UVLS under the power-defcit condition in the
islanded DC microgrid shown in test case 2. At t� 8 s, DG
converter 2a fails to operate. It is thus disconnected, as
observed in Figure 23. Due to the disconnection of DG
converter 2a, there is a shortage of real power of 1MW in
islanded DC microgrid 2 in the NMG system, which can be
inferred from Figure 15. In the given islanded microgrid, all
the battery inverters and converters are operating already at

their maximum powers. As a result, at t� 8 s, supercapacitor
converter 2c is tasked by the centralized controller to
deliver the required power of 1MW at rated energy for
a fxed discharge time duration of supercapacitor unit 2,
which is 4 s (i.e., in this case, maximum discharge time
duration of supercapacitor unit 2 � rated energy of
supercapacitor unit 2/power delivered by supercapacitor
unit 2� 0.0011MWh/1MW � 0.0011 h � 4 s). Terefore,
supercapacitor converter 2c delivers 1MW for 8 ≤ t ≤ 12 s,
as shown in Figure 24.
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Figure 15: Real and reactive power exchange in the NMG system during load variation in DC MG 2.
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Figure 16:Tree-phase output voltage of interconnecting inverters
1 and 2.
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Figure 17: Phase angle of the output voltage of each of the
interconnecting inverters.
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Figure 18: Magnitude of real powers at either ends of lines 1 and 2.
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Figure 19: Magnitude of reactive powers at either ends of lines 1
and 2.
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Figure 20: Real power output of supercapacitor converter 2c.
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and 3.
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During the disconnection of DG converter 2a, DC load 2
bus voltage drops to 374V at t� 8.3 s, as observed in Fig-
ure 25. Due to the supply of the required power by the
supercapacitor converter 2c, DC load 2 bus voltage now gets
restored back to 380V for t> 9 s and is maintained at 380V
for 9≤ t≤ 12 s. For t> 12 s, when supercapacitor unit 2 gets
discharged completely, a power defcit again occurs in DC
microgrid 2, which causes DC load 2 bus voltage to drop to
a very low value beyond the tolerance limit of ±19V, as
shown in Figure 25. Te zoomed-in view of DC load 2 bus
voltage for 12≤ t≤ 12.9 s is shown in Figure 26.

For restoring DC load 2 bus voltage, under voltage load
shedding, as explained in Section 4, is implemented by the
centralized controller as follows: (1) when DC load 2 bus
voltage drops to 361V at t� 12.1 s as shown in Figure 26,
15% of total load (i.e., 15% of 4MW� 0.6MW) is shed in DC
microgrid 2 as observed in Figure 27; and (2) when DC load
2 bus voltage drops to 354V at t� 12.2 s as seen in Figure 26,
10% of total load (i.e., 10% of 4MW� 0.4MW) is shed in DC
microgrid 2 as shown in Figure 27. Due to this load-
shedding scheme, DC load 2 bus voltage is restored to its
nominal value of 380V for t≥ 13.5 s as observed in Figure 25.

Like the load shedding scheme adopted in [29], dif-
ferent load shedding stages are also initiated within a very
short delay of 0.1 s here. Moreover, the magnitude and

duration of the DC voltage dip in this test case are within
the allowable tolerance limits to avoid the maloperation of
DC load 2, as per the new DC version of the CBEMA
(Computer and Business Equipment Manufacturers As-
sociation) curve [30].

6. ComparisonbetweenMPCandPIControllers

In this section, the performance of two controllers, namely,
the proposed MPC controller and the conventional PI
controller, is compared similarly to [31]. Te real power
output of battery inverter 1 in the NMG system is controlled
by MPC and PI methods and then compared. Te PI
controller applied here uses voltage and current control
loops to regulate the real power output of battery inverter 1.
Te theory behind the PI controllers is discussed in [32].

As shown in Figure 28, the real power output of battery
inverter 1 is maintained at 0MW for 0> t> 4 s and at 1MW
for 4> t> 12 s using PI and MPC controllers. From this
fgure, the tracking error and delay time for set-point change
are calculated for both the controllers and listed in Table 2.

From Table 2, it can be inferred that MPC exhibits better
performance in terms of lower tracking error and faster set-
point change. Specifcally, the tracking error of MPC is 50%
lower than that of PI control, and the delay time for a set-
point change in the case of MPC is 33.33% lower than that of
PI control.
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Figure 24: Real power output of supercapacitor converter 2c.
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Figure 25: DC load 2 bus voltage.
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Figure 26: Zoomed-in view of DC load 2 bus voltage for
12≤ t≤ 12.9 s.
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Figure 27: Magnitude of real power consumption of load 2 for
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Figure 23: Real power output of DG converter 2a.
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Figure 22: DC load 2 bus voltage.
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 . Conclusion

A control system is presented in this paper for a ring-
shaped NMG system to rectify the problems of DC voltage
variation and power imbalance during instances of
islanding and load changes. Also, an advanced MPC al-
gorithm has been proposed to control multiple DC/DC and
DC/AC converters in the proposed NMG system. Various
simulation studies are carried out to verify the functioning
of the developed control system. Te simulation results
show that the proposed control system achieves satisfactory
performance and regulates the power exchanges among
microgrids during diferent operating conditions of the
NMG system. Moreover, the proposed MPC algorithm is
compared with a conventional PI algorithm, and it is found
that MPC achieves a reduced tracking error, which is 50%
lower than that of PI. Terefore, an efciently managed
control system and algorithm maintain the desired voltage
stability and power exchange capability in the NMG sys-
tem. Te developed NMG architecture presented in this
paper can be the frst step towards hardware-in-the-loop
testing and implementation.
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